A diode-cladding-pumped dual wavelength Q-switched Ho 3 -doped fluoride cascade fiber laser operating in the mid-infrared is demonstrated. Stable pulse trains from the 5 I 6 → 5 I 7 and 5 I 7 → 5 I 8 laser transitions were produced, and the μs-level time delay between the pulses from each transition was dependent on the pump power. At maximum pump power and at an acousto-optic modulator repetition rate of 25 kHz, the 5 I 6 → 5 I 7 transition pulse operated at 3.005 μm, a pulse energy of 29 μJ, and a pulse width of 380 ns; the 5 I 7 → 5 I 8 transition pulse correspondingly produced 7 μJ pulse energy and 260 ns pulse width at 2.074 μm. To the best of our knowledge, this is the first demonstration of a Q-switched fiber laser operating beyond 3 μm. © 2012 Optical Society of America OCIS codes: 140.3510, 140.3480.
Mid-infrared (mid-IR) fluoride glass fiber lasers have a number of potential applications in defense, medicine, and chemical sensing. Compared to cw fiber lasers, pulsed fiber lasers are desirable because they offer high peak power that can be used directly or shifted to other wavelengths using nonlinear frequency conversion. A number of fluoride glass pulsed fiber lasers have been reported based on Er 3 -doped and Er 3 -Pr 3 co-doped fluoride fibers [1] [2] [3] [4] [5] [6] . The recent report of a gain-switched 2.8 μm Er 3 -doped ZBLAN fiber laser with pulse duration of 300 ns and average power of 2 W at 100 kHz repetition rate [5] and actively Q-switched 2.8 μm Er 3 -doped ZBLAN fiber laser with 90 ns duration and 12 W average power [6] marked the beginning of the development of pulsed 3 μm class fluoride fiber lasers with high average power and short pulse width. Extending the emission wavelength from pulsed fiber lasers is desirable as a result of their potential role as pump sources in mid-IR photonics and nonlinear optics.
Cascade lasing of both the 5 I 6 → 5 I 7 and 5 I 7 → 5 I 8 laser transitions of a Ho 3 -doped fluoride fiber laser has been demonstrated in cw operation [7, 8] . A recent report of a Watt-level diode-cladding-pumped Ho 3 -doped fluoride cascade fiber laser free running at 3.002 μm [9] demonstrated that Ho 3 -dopedfluoride glass fiber lasers can extend the emission wavelength into the mid-IR. Moreover, the cascade lasing on both the 5 I 6 → 5 I 7 and the 5 I 7 → 5 I 8 laser transitions is a straight forward process not reliant on strong cavity resonances and offers the opportunity for all infrared emission with little visible light generation owing to comparatively reduced levels of pump excited state absorption. Cascade lasing also provides the opportunity to obtain pulses at both 3 μm and 2 μm in a simple actively Q-switched arrangement.
In this letter, we demonstrate a Q-switched cascade fluoride laser that produced pulses at 3.005 μm and 2.074 μm simultaneously using a TeO 2 acousto-optic modulator (AOM). The 3 μm and 2 μm pulses have a μs-level time delay and operate at the same repetition rate within a pump power dependent repetition rate range that provides stable pulses.
The experimental arrangement for the Q-switched cascade Ho 3 -doped ZBLAN fiber laser is shown in Fig. 1 . The Ho 3 -doped double clad fiber (FiberLabs, Japan) was identical to the fiber used in our previous free running experiment [9] and had a D-shaped pump core with a diameter of 125 μm across the circular cross-section and a numerical aperture (NA) of 0.50. The fiber had a 10 μm core diameter with an NA of 0.16. The Ho 3 concentration of the fiber was chosen to be 1.2 mol% to reduce energy transfer processes between Ho 3 ions; this concentration has not been identified as optimal. The selected fiber length of 12.0 m was longer than that used in our previous experiment, providing higher pump absorption efficiency and longer emission wavelength. The absorption coefficient of the fiber and the launch efficiency were measured to be 0.28 m −1 and 84%, respectively, using cutback measurements. Each end of the fiber was held in place by commercial fiber V -groove holders and the remaining fiber was coiled onto an aluminium spool with a bend radius of 15 cm. An active cooling system was not necessary owing to the small absorption coefficient.
Commercially available high power 1.15 μm diode lasers (Eagleyard Photonics, Berlin) were used to pump each end of the fiber after polarization multiplexing and focusing using two antireflection-coated ZnSe objective lenses (Innovation Photonics, LFO-5-6-3.0 μm, 0.25 NA) with focal lengths of 6 mm which collimated the 5 I 6 → 5 I 7 and 5 I 7 → 5 I 8 laser transition outputs emitted from the fiber core. The measured transmission for 1.15 μm and 2 μm emissions were 80% and 92%, respectively. Two highly pump-transmitting dichroic mirrors with reflectivity of 60% between 2.0 μm and 2.1 μm and >98% between 2.5 μm and 3.2 μm were each positioned between the polarizing beam splitter and focusing lens at angle of 15°with respect to the pump beam. One dichroic mirror was used to steer the emission onto the TeO 2 AOM that had a rise time of 115 ns, and the other mirror was used to direct the fiber laser output. The AOM with a transmission of 89% at 2 μm and 86% at 3 μm was placed into the extended part of the cavity in a zero-order arrangement and was driven by a pulsed RF source. The measured diffraction efficiencies of this AOM were 80% and 83% for emissions at 2 μm and 3 μm, respectively. To avoid parasitic lasing, the fiber end closest to the AOM was cleaved at an angle of ∼8°.
For the measurements of the laser output, a goldcoated plane ruled grating (300 lines per mm, blaze wavelength λ B 2 μm, blaze angle θ B 17.5°) was used to separate the two transitions of the cascade. Two InAs photodiodes with a response time of approximately 10 ns, connected to two channels of a 100 MHz two-channel digital storage oscilloscope (Tektronix TDS1012), were used to measure the pulse train and pulse characteristics. An optical spectrum analyzer (Yokogawa AQ6375, Japan) was used to measure the laser spectrum at 2.1 μm. The spectrum at 3 μm was measured using a calibrated monochromator (with 0.3 nm resolution) that employed a thermoelectrically cooled InAs photodiode.
By adjusting the switching rate of the AOM, stable pulse trains from the 5 I 6 → 5 I 7 and 5 I 7 → 5 I 8 laser transitions could be produced. Figure 2 shows the output trains and temporal pulse shape at a repetition rate of 25 kHz for the maximum launched pump power of 7.4 W. For 5 I 6 → 5 I 7 transition pulse, an average power of 745 mW with a threshold of 310 mW was produced at a slope efficiency of 12.1%, which is similar to the 762 mW produced in free running mode when the AOM was switched off. The measured pulse width (FWHM) of 380 ns is much longer than that reported in [6] ; a result of the longer laser cavity and lower pump rate. The average pulse energy and peak power were calculated to be 30 μJ and 78 W, respectively. After a time delay of ∼1.7 μs, a stable pulse from 5 I 7 → 5 I 8 transition was measured. The delay relates to the fact that the 5 I 7 → 5 I 8 transition relies on the 5 I 6 → 5 I 7 transition pulse to create a population in the 5 I 7 level. A maximum average power of 175 mW with a threshold pump power of 3.2 W was produced at the slope efficiency of 4.5%. The pulse had 260 ns duration, an estimated energy of 7.5 μJ, and a peak power of 29 W. The low slope efficiency compared to calculations [10] and free-running Ho 3 , Pr 3 -doped fluoride fiber lasers [11] is an issue that may relate to Ho 3 ion clustering, the fabrication process, or the glass composition; we are currently carrying out an investigation to identify the problem. The pulse-to-pulse amplitude stability for both 5 I 6 → 5 I 7 and 5 I 7 → 5 I 8 transitions was approximately 5%. The right inset to Fig. 2 shows the time delay between the 5 I 6 → 5 I 7 and 5 I 7 → 5 I 8 transition pulses as a function of launched pump power. It is observed that the time delay decreased quickly with launched pump power as a result of the shorter build up time of the population in the 5 I 7 level and the increasing rate of ground state absorption (GSA). Figure 3 shows the optical spectrum of the output for free running and pulsed operation at maximum launched pump power. The free running 5 I 6 → 5 I 7 transition operatesat a center wavelength of 3.005 μm and bandwidth of 4 nm; under Q-switched conditions, the bandwidth broadens to 10 nm because more Stark levels are involved in the laser emission as a result of the transient nature of the Q-switching process itself. The free running 5 I 7 → 5 I 8 transition operates at a center wavelength of 2.074 μm and bandwidth of 2 nm which broadens to 5 nm. Note that the emission wavelength of the 5 I 6 → 5 I 7 transition is now longer than the measurements made in [9] which involved a shorter fiber length of 10 m. The longer fiber length in the current demonstration forces a higher threshold for the 5 I 7 → 5 I 8 transition which increases the population in the 5 I 7 manifold and the terminating Stark level for the 5 I 6 → 5 I 7 transition is now higher up the 5 I 7 manifold. Figure 4 shows the pulse widths for the 3 μm and 2.1 μm transitions as a function of repetition rate and launched pump power. The stable pulse range for both 3 μm and 2.1 μm transitions shifted to larger repetition rate with increased launched pump power. At maximum pump power, the stable pulse repetition rate range for the 3 μm and 2.1 μm transitions was 25 kHz to 75 kHz and 17 kHz to 61 kHz, respectively. Multiple pulsing occurred outside these ranges. The pulsed 2.1 μm and 3 μm transitions operated at the same repetition rate between 25 kHz and 61 kHz at maximum launched pump power. The pulse width of each 3 μm and 2.1 μm transition decreased with increased launched pump power and increased with increased repetition rate, as expected with actively Q-switched lasers. The narrowest pulse width of 380 ns for the 3 μm pulse and 220 ns for the 2.1 μm pulse were obtained at 25 kHz and 17 kHz, respectively.
The peak power and pulse energy of the 3 μm and 2.1 μm pulses as a function of the repetition rate at the maximum launched pump power of 7.4 W are shown in Fig. 5 . The average power for both transitions remained essentially unchanged across the range of the repetition rates allowing stable pulse formation. The pulse energy was inversely proportional to the repetition rate; the pulse energy decreased to 10 μJ at 75 kHz for 3 μm emission and decreased to 3.6 μJ at 47 kHz for 2.1 μm emission. The peak power decreased more significantly with the repetition rate than the pulse energy because of the concomitant increasing pulse width.
The demonstrated center emission wavelength of 3.005 μm, peak power of 78 W and pulse width of 380 ns are encouraging results from the first Q-switched fiber laser operating beyond 3 μm.The decreasing time delay between the 3 μm and 2.1 μm pulses with increased launched pump power suggests that the delay between pulses could be < 1 μs at higher launched pump power. The angle cleave on the intracavity fiber end was most likely instrumental in achieving stable pulse formation over a broad range of repetition rates.
In summary, we have demonstrated what we believe to be the first Q-switched cascade laser involving two electronic transitions operating simultaneously. A maximum peak power of 79 W and 49 W was obtained from the 3.005 μm and 2.074 μm transition, respectively. Further improvement in the peak power level is expected with increased pumping and tuning the Q-switched cascade laser is expected to extend the emission wavelength further into the mid-IR. 
